Introduction
The conversion of solar photons into electrical energy by Grätzel n-type dye-sensitized solar cells (DSCs) is a mature field 1,2,3 with conversion efficiencies reaching ~11-14% using ruthenium-based, organic or zinc(II) porphyrin-based dyes. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 Although sensitizers based on ruthenium lead the way among inorganic compounds, the low earth-abundance and high cost of ruthenium are a disadvantage. Among dyes containing sustainable materials, 16 those based on copper are promising alternatives to ruthenium. 17, 18, 19 For a good performing DSC, the absorbance of the incident sunlight, the injection of electrons into the semiconductor and the interplay between the dye and the electrolyte must be optimal. The more the absorption range of the dye overlaps with the spectrum of the incident sunlight, the higher the possibility of reaching high conversion efficiencies. The bestperforming copper-based dyes achieve >3% photoconversion efficiency (η) relative to values in the range 7.12-7.63% for the benchmark ruthenium dye N719. 20, 21, 22, 23 In contrast to the panchromatic absorption of N719 and related dyes, the metalto-ligand charge transfer (MLCT) band of copper(I) sensitizers typically lies between ~430 and 570 nm. This range can be broadened by extending the π-system of the copper-bound ligands. 21, 24, 25, 26, 27, 28 Although this may lead to higher shortcircuit current density (J SC ) values, it does not necessarily yield enhanced global efficiencies. Different approaches to panchromatic DSCs have been discussed by Yum et al., 29 and co-sensitization with dyes which absorb in complementary parts of the visible spectrum is a favoured approach. 30, 31, 32, 33 By co-sensitization of N719 with a porphyrin-dye, Chang et. al. 31 obtained enhanced absorption between 600 and 700 nm with respect to N719, and reached a higher J SC (18.51 versus 16.41 mA cm -2 ) and a higher η (8.89 versus 8.02%). However, co-sensitization does not always lead to improved DSC performance. A cocktail of organic and {Ru II (bpy) 2 (NCS) 2 }-based dyes reported by Babu et. al. 30 performed marginally less efficiently than the ruthenium dye alone (η = 9.20 versus 9.26%). The use of squaraine dyes, in particular SQ2 (Scheme 1), as co-sensitizers with various organic dyes has been investigated.
Scheme 1
The organic squaraine co-sensitizer SQ2 used in this study.
To combine sensitizers in a DSC, different methods and sequences of applying the dyes to the semiconductor surface have been used. 37, 39, 42 Xue et. al. 37 arranged discrete dye layers onto a plastic surface by stepwise deposition of TiO 2 nanoparticles and dye. Rudolph et. al. 39 investigated various procedures to absorb dyes individually or in different combinations with the help of dye-baths. Dyes can also be applied to the TiO 2 surface by inkjet printers. 42 Our current interest in copper(I) bis(diimine) dyes 17 has led to values of η > 3%, 20, 22, 23 representing 40-50% of the photoconversion efficiency of N719 in DSCs with a similar configuration. We now report the first co-sensitization of a copper(I)-based DSC with a complementary organic dye in order to significantly enhance DSC photoconversion efficiency. 
Experimental General
Ligands 1 22 and 3 43 (Scheme 2) were prepared as previously reported. SQ2 and N719 were purchased from Solaronix. Solidstate absorption spectra were recorded on an Agilent Cary 5000 spectrophotometer. Ground state density functional theory (DFT) calculations were performed using Spartan 16 (v. 1.1.1, Wavefunction Inc.) at the B3LYP level with a 6-31G* basis set in vacuum. Initial energy optimization was carried out at a semi-empirical (PM3) level.
DSC fabrication and measurements
Solvents were HPLC grade except for DMSO (extra dry). Commercial Solaronix Test Cell Titania Electrodes were washed with EtOH and sintered at 450 °C for 30 min. After cooling to ~80 °C, the electrodes were dipped in dye-baths according to the dipping procedures described in the Results and discussion section. After the first dipping step (see discussion), the electrodes were washed with DMSO and EtOH and dried with a heat gun (~ 80 °C). CH 2 Cl 2 was used to wash the electrodes after the second and third dipping steps (see discussion) and the electrodes were finally dried with a heat gun (~80 °C). An N719 reference electrode was prepared by dipping a Solaronix Test Cell Titania Electrode in a solution of N719 (0.3 mM, EtOH, ambient temperature) for 3 days. After removal from the dye-bath, the electrode was washed with EtOH and dried with a heat gun (~80 °C).
For the counter electrodes, Solaronix Test Cell Platinum Electrodes were used. Before assembling the DSCs, the counter electrodes were washed with EtOH and placed on a heating plate (450 °C, 30 min) in order to remove volatile organic impurities.
The photoanode and the counter electrode were joined using thermoplast hot-melt sealing foil (Solaronix Test Cell Gaskets) by heating while pressing them together. The electrolyte (electrolyte composition: LiI (0.1 M), I 2 (0.05 M), 1-methylbenzimidazole (0.5 M), 1-butyl-3-methylimidazolinium iodide (0.6 M) in 3-methoxypropionitrile) was introduced into the DSC by vacuum backfilling. The hole in the counter electrode was sealed (Solaronix Test Cell Sealings) and covered (Solaronix Test Cell Caps.)
Measurements were made by irradiating from behind using a light source SolarSim 150 (1000 W m -2 = 100 mW cm -2 = 1 sun). The power of the simulated light was calibrated by using a reference Si photodiode. All cells were completely masked 44, 45 before measurements were made. A series of masks with calibrated apertures was used; the area of each was accurately known and was in the range 0.059-0.061 cm 2 . J-V curves of the DSCs with light-blocking filters (THORLABS, 25mm sputtered edgepass filter, short-pass 500 nm; Reichmann Feinoptik, Farbglasfilter OG 550, long-pass 550 nm; Andover Corporation, 41% transmittance filter) were obtained by placing the filter on top of the fully-masked DSC. The light intensity was measured by placing the filter on top of a fullymasked reference Si photodiode. For the filter test measurements, the best performing single-dye SQ2 DSC at day 195 after assembling the cell and a co-sensitized DSC assembled by Experiment 4 procedure (see discussion section) on day 72 after assembling the cell were used.
The external quantum efficiency (EQE) measurements were made using a Spe-Quest quantum efficiency instrument from Rera Systems (Netherlands) equipped with a 100 W halogen lamp (QTH) and a lambda 300 grating monochromator (Lot Oriel). The monochromatic light was modulated to 3 Hz using a chopper wheel (ThorLabs). The cell response was amplified with a large dynamic range IV converter (CVI Melles Griot) and then measured with a SR830 DSP Lock-In amplifier (Stanford Research). EQE spectra of single-dye DSCs and cosensitized DSCs were performed after calibrating the system with a reference cell. Measurements with a 500 nm short-pass filter and the combined 500 nm short-pass and 550 nm long- pass filter were performed under the same calibration. The EQE spectra with a 550 nm long-pass filter were obtained after calibration with the 550 nm long-pass filter on top of the reference cell. In all EQE measurements with a filter, the filter was placed on top of the bias light in order to filter only the incoming EQE light beam. The same DSCs as in the J-V measurements with filters were used for the EQE measurements.
Electrochemical impedance spectroscopy (EIS) measurements were carried out on a ModuLab® XM PhotoEchem photoelectrochemical measurement system from Solartron Analytical. The impedance was measured in galvanostatic mode at open-circuit potential of the cell at different light intensities (590 nm) in the frequency range 0.05 Hz to 400 kHz using an amplitude of 10 mV. The impedance data were analysed using ZView ® software from Scribner
Associates Inc.
Electrodes for solid-state absorption spectroscopy
Dye-functionalized electrodes were prepared using Solaronix 
Results and discussion

Selection of the dyes for panchromatic co-sensitized DSCs
We have reported the performances of DSCs sensitized with heteroleptic [Cu(3)(L ancillary )] + complexes where L ancillary was 2-(1H-imidazol-2-yl)-6-methylpyridine (2, Scheme 2), 2-(6-methylpyridin-2-yl)oxazole, 2-(6-methylpyridin-2-yl)thiazole (1, Scheme 2) or 2-methyl-6-(1-methyl-1H-imidazol-2-yl)pyridine) and using an I -/I 3 -redox couple. 22 The heteroleptic dyes were assembled on FTO/TiO 2 electrodes using our stepwise 'surfaceas-ligand' approach (Scheme 3). 17 (Table 1) . Fig. S1 † displays the J-V curves on the day of sealing the cells, and 3 and 7 days later. The external quantum efficiency (EQE) spectra exhibit a maximum at 480 nm (Fig.  S2 †) . The photoconversion efficiency of 2.88% versus 7.55% for N719 (Table 1) is relatively high for a copper(I) sensitizer. . The solid-state UV-Vis spectra of dyefunctionalized FTO/TiO 2 surfaces with the two separate dyes are shown in Fig. 1 and demonstrate the wavelength range between 375 and 730 nm covered by the dyes. Several studies of DSCs sensitized by SQ2 have been reported and Table 2 summarizes the results. 34, 35, 36, 38, 40, 41 However, the use of CH 2 Cl 2 as the SQ2 dye-bath solvent has not been reported. For copper-based dyes, CH 2 Cl 2 is an optimal solvent for the homoleptic complex 46 and we were interested to find out whether this solvent was also appropriate for fabrication of DSCs containing SQ2. DSCs with SQ2 and an I -/I 3 -redox shuttle were assembled as described in the Experimental section. Table 3 displays the performance parameters of these devices, made using different dipping times of the photoanodes in the dye-bath before fabrication of the devices. Despite the use of a different dye-bath solvent, the performances compare well with literature data ( ), but V OC values are lower compared to those in Table 2 . It is significant that n-type DSCs a Rel. ƞ is the efficiency relative to an N719 reference which is set at 100%. The previously reported influence of aggregation of SQ2 on the semiconductor surface and the impact on performance 34, 35, 36, 37, 38, 39, 40, 41 was also observed in our study.
17,22
Longer dipping times lead to more aggregation resulting in a broader EQE spectrum, and a shift in the EQE maximum from 670 to 560 nm ( Fig. 2 and Table 3 ). Extensive aggregation of SQ2 molecules on the surface leads to greater quenching of the excited state of the dye and a lower recombination resistance (R rec ) at the TiO 2 /dye/electrolyte-interface (see later). This results in lower J SC values. 34, 35, 36, 37, 38, 39, 40, 41 However, some degree of aggregation is beneficial, leading to a broader absorption range and improved J SC values. Fig. 2 demonstrates that a dipping time of 4 hours results in an optimum EQE curve on the day of cell fabrication, and longer dipping times lead to a decrease in DSC performance (Table 3) . Inspection of Fig. 3 and Table 3 confirms the influence of the dipping time in the SQ2 dye-bath on J SC and the overall cell performance. Significantly, there is a pronounced ageing effect, which is observed both in the EQE (Fig. 2 ) and the J-V curves (Fig. 3 ). After the DSCs had been stored in the dark for 7 days, a maximum value of ƞ = 4.44% (versus 6.87% for N719) was obtained (Table 3) . The structural differences between a phosphonic acid anchor (as in 3) and a carboxylic acid (as in SQ2) lead to different modes of bonding to the TiO 2 surface. 47, 48, 49, 50 It is also known that phosphonic acids bind more strongly to metal oxide surfaces than carboxylic acids. 47 We anticipated that Please do not adjust margins Please do not adjust margins both dyes could be absorbed simultaneously onto the semiconductor surface, but needed to establish a methodology for optimal co-sensitization of the electrodes.
Investigation of the optimal dipping procedure for co-sensitized DSCs
The goal of this part of the investigation was to optimize the EQE response for DSCs co-sensitized with [Cu(3)(1)] + and SQ2. Table 4 summarizes the different dipping procedures with the sequences in which the photoanode was sequentially immersed into the dye-baths. Fig. 4 displays the stepwise dipping procedure of photoanodes, exemplifed by the procedure for Experiment 2 in Table 4 . For the screening of dipping conditions, one DSC for each set of conditions was used. Table 4 , and Fig. 5 shows the EQE spectra of the DSCs with the best EQE response of the several dipping procedures in Table  4 . The four experiments in Table 4 explore the effects of introducing anchoring ligand 3 and dye SQ2 sequentially or together, and also the effects of employing a second immersion of the electrodes in a solution of SQ2. Irrespective of the dipping procedure, the EQE spectrum shows a maximum at 480 nm associated with the copper(I)-dye and at this wavelength, EQE max is between 46.0 and 49.5% (Table 5 ). This compares to 54% (Table 1) for a DSC with the copper(I)-dye on its own. However, the electrode-assembly protocol has a significant impact on the EQE response between 560 and 730 nm arising from adsorbed SQ2. Values of EQE max range from 3.0 to 57.1%, and latter compares to the highest value of 51.5% for a DSC containing only SQ2 (Table 3 , day 0). We note that in each of the four experiments in Table 4 , the individual EQE spectra have the same shape of curve (Fig. S3-S6 †) but the intensity varies. The best EQE response in Experiment 1 (defined in Table 4) was measured with a dipping time of SQ2 of 2 hours. In the third dipping step, the [Cu(1) 2 ][PF 6 ] dye-bath was initially orange but during the time that the electrode was in the bath, the colour of the solution changed from orange to greenish. This suggests that SQ2 (which is blue) is partly washed off the surface. Fig. 5 and S3 † show that for Experiment 1, the EQE response of SQ2 is low (EQE max = 28.7%, Table 5 ) and has the narrow shape characteristic of the solution UV-Vis spectrum of SQ2 (Fig. S7 †) . 34, 35, 38, 39, 41 6 ] (Scheme 3). In the third dipping step, SQ2 was applied to the photoanode (Fig. 4) . The EQE response due to the copper(I)-based dye (EQE max = 46.1% at λ max = 480 nm is similar to that in Experiment 1 (Table 5 and Fig. 5 ). However, more SQ2 is present on the surface with respect to Experiment 1. This results in more aggregation and a broader and higher EQE curve between 580 and 720 nm (Fig.  5) . The same trend in aggregation as in single-dye SQ2 DSCs (Fig. 2) was also observed in Experiment 2 (Fig. S4 †) . The longer the dipping time, the more aggregation is observed. The benefit of a certain level of aggregation (discussed earlier) is observed on increasing the dipping time from 20 minutes to 2 hours (at λ max = 670 nm, EQE max rises from 33.1 to 36.8%). However, a longer dipping time of 4 hours results in higher aggregation and a low EQE max of 28.7%. The best EQE response in Experiment 2 was obtained by a cell with a dipping time of SQ2 of 1 hour.
Experiments 1 and 2 demonstrate that some degree of aggregation of SQ2 on the TiO 2 surface is important in order to achieve a panchromatic DSC. In order to optimize the aggregation of SQ2, the organic dye was introduced with different concentrations (0.0001 to 0.1 mM) to the anchoring ligand solution (0.1 mM) in the first dipping step (Experiments 3 and 4). The very low concentrations of SQ2 were used because of the higher extinction coefficient of SQ2 with respect to the MLCT band of [Cu (3)(1) 6 ] was applied. The same problem as was encountered in Experiment 1 was observed. Dye SQ2 anchored in the first immersion step was partly washed off during the second dipping cycle. Only the DSC with the highest SQ2 concentration in the first dipping step (0.1 mM) showed a visible EQE response (EQE max = 3.0%) at λ max = 670 nm (Table 5 and Fig. 5) . Interestingly, the value of EQE max of the copper(I)-dye (49.7%) in Experiment 3 is as high as in Experiment 1 (Table  5) in which SQ2 was not present in the first dipping step. This is consistent with both 3 and SQ2 being able to bind simultaneously to the TiO 2 surface.
In Experiment 4 (defined in Table 4 ) a final dipping step in which the electrode was exposed to SQ2 for a second time was introduced. The aim was to refill the surface-vacancies created through loss of SQ2 in the second dipping step (see above). Because of the introduction of SQ2 in the first dipping step, more binding sites for SQ2 are available and more aggregation can take place. This effect is visible in all measured DSCs of Experiment 4 (Fig. S6 † 
) in comparison to Experiment 3.
The best panchromatic EQE response was recorded with a device from Experiment 4 with an SQ2 concentration of 0.01 mM in the first dipping step (black curve in Fig. 5 
Performances of panchromatic co-sensitized DSCs
This part of the investigation deals with the performance and properties of co-sensitized DSCs assembled by the dipping procedure of Experiment 4 (Table 4 ) with an SQ2 concentration of 0.01 mM in the dye-bath of the first dipping step. Measurements were performed using duplicate (two), fully-masked DSCs (Table S1 † ) and similar overall efficiences (3.67 and 3.36% versus 7.55% for N719). Ageing of both cells over a period of a week led to enhanced values of J SC , V OC and η (Tables 6 and S1 †). In the following discussion, we focus on the better performing DSC of the set. Table 6 also shows the device parameters of this DSC, of single-dye DSCs and of a reference cell containing N719.
The initial value of J SC for the co-sensitized DSC (9.56 mA cm -2 , remains high (71.2%). The η of this device is 3.36% relative to 7.55% for N719. Fig. 6 displays the J-V curves of the cosensitized device on the day of cell fabrication and after ageing; a comparison with single-dye DSCs is shown in Fig. S8 †. The EQE spectra of the device are shown in Fig. 7 and a comparison with the single-dye DSCs is made in Fig. S9 †.
Please do not adjust margins
Please do not adjust margins The increase in J SC over a 7 day period after cell fabrication (Fig. 6 ) is a known phenomenon and most probably arises from reorganization of the dye molecules on the TiO 2 semiconductor surface. 51, 52, 53 The EQE maxima of both dyes in the co-sensitized cell also increase over a period of 7 days, but this is more pronounced for SQ2 (Fig. 7) . The value of EQE max at λ max = 480 nm (copper(I)-based dye) increases from 46.0% to 47.1% (Table 6 ). The EQE maximum at λ max = 670 nm (from SQ2) increases from 57.1% to 59.3% over a period of 7 days and a higher level of aggregation results in a broader and higher EQE response between 540 and 740 nm (Fig.  7) . 34, 35, 36, 37, 38, 39, 40, 41 We note that the dipping times in the SQ2 dye-bath required to achieve optimal EQE maxima are 4 hours for the single SQ2 cell (59.6% at 550 nm, Table 3 ) versus only 20 minutes for the co-sensitized device (59.3% at 670 nm, Table 6 ). On day 7 after sealing the cell, a value of J SC = 12.26 mA cm -2 is obtained for the best performing DSC ( Table 6 ). The V OC increases over a period of 7 days from 493 to 515 mV and the FF stays constant. On day 7, a remarkable global efficiency of 4.51% is obtained relative to 6.87% for N719 (Table 6) . Setting N719 to 100%, the co-sensitized DSC achieves a relative efficiency of 65.6%. This exceeds the previous record 21 for a copper(I)-based dye (4.66% versus 7.36% for N719, equivalent to a relative effciency of 63.3%). Inspection of Table  6 demonstrates that the J SC for the co-sensitized cell is always higher than the DSCs with single dyes. Although the V OC is slightly lower for the co-sensitized versus single-dye DSCs, the value of η is always higher, confirming the benefit of cosensitization. The performance of the DSC was tested again 14 days after assembling the device with the cell being stored in the dark; values of J SC , V OC and η were 12.85 mA cm -2 , 534 mV and 4.53%, emphasizing the stability of the device. Inspection of Table S1 † reveals that all the DSCs fabricated using the procedure in Experiment 4 perform well and, in general, their performances improve with time. For example, a co-sensitized DSC assembled by the dipping procedure of Experiment 4 Please do not adjust margins
Please do not adjust margins (Table 4 , SQ2 concentration of 0.0001 mM in the first dipping step) had a photoconversion efficiency of 4.09% on day 7, 4.01% on day 28 and 3.75% on day 72 after sealing the cell. This again emphasizes the benefits of the dipping procedure of Experiment 4 and the stability of the co-sensitized DSCs.
Electrochemical impedance spectroscopy (EIS): introduction
Electrochemical impedance spectroscopy (EIS) has become a fundamental tool for investigating the electrochemical properties of DSCs. 22, 23, 54, 55, 56, 57, 58, 59 Key parameters that can be determined with the help of fitting circuit models are the recombination resistance (R rec ), transport resistance (R tr ) and chemical capacitance (C μ ). A common way to display the EIS measurements is using a Nyquist plot (Fig. 8) . Ideally, a Nyquist plot of an EIS measurement on a DSC consists of three semicircles. Depending on the size of each semicircle, they can overlap and may not, therefore, be visible in all measurements. The series resistance (R s ), that arises mainly from the charge transfer resistance of the TiO 2 /FTO interface, corresponds to the value of the lowest interception of the first semicircle that rises from the cathode/electrolyte charge transfer resistance (R Pt ). The second semicircle is the recombination resistance of the interaction of the TiO 2 /dye/electrolyte interface (R rec ). The last semicircle at low frequencies gives the diffusion resistance of the charge carrier particles in the electrolyte (R d ). In order to extract these parameters from the measurement, two different equivalent circuit models were used. At higher light intensities, a model with two Randles-type circuits were used for EIS measurements at 22 mW cm -2 light intensity (). 60 The fitting model consists of two Randles-type circuits in series and a further series resistance (R s ). An additional Warburg diffusion element (Ws) has been introduced. Each circuit characterizes one electrode interface. The first circuit models the electrolyte/Pt/FTO interface and the second one the TiO 2 /dye/electrolyte interface. The fitting of the EIS measurements at a light intensity of 2.2 mW cm -2 were performed with a model (Fig. 10 ) that was discussed in detail in an earlier publication. 22 It consists of an extended distributed element (DX) to fit the TiO 2 /dye/electrolyte interface according to the transition line model. 61 With this extended distributed element, it is possible to establish R tr . The Warburg diffusion element (Ws) is again used to model the diffusion impedance of the charge carrier through the electrolyte close to the active surface. The Randles-type circuit containing R Pt and CPE Pt models the Pt counter electrode. The series resistance of the whole measurement is modeled by a series resistance (Rs). 38 and values of R rec = 24.7 Ω and the electron lifetime τ = 11.2 ms were reported. These data are comparable with the EIS parameters measured at a light intensity of 22 mW cm -2 in this study (R rec = 25.5 Ω, τ = 8.1 ms, Table 7 ). The low R rec is a wellknown disadvantage of organic DSCs and is one of the most crucial issues that needs to be addressed for organic DSCs in order to improve their performances. a τ = RrecC'; C' = (Rrec 1-n C ) 1/n where n = constant phase element factor and C' = corrected C.
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A comparison of the EIS data ( 
SQ2
. This is consistent with the lower spectral response of the copper-based dye which leads to a lower number of absorbed photons. An informative parameter to describe the interplay between R rec and R tr is the length of diffusion (L d ) which is calculated according to eqn. 1.
Although R rec for the SQ2 DSC is low (Table 7) , it is a well performing cell, because R tr must also to be taken into account. An efficient charge injection requires an L d larger than the thickness of the semiconductor (here L ~12 µm). As a consequence, when the ratio of R rec to R tr is greater than unity, the length of diffusion is long enough to minimize back reactions due to a long charge transit time. In this study, the DSCs containing [Cu(3)(1)] + or SQ2 both have an L d two to three times larger than L. When comparing the EIS measurements of the cosensitized DSC with the single-dye DSCs (Tables 7 and 8) , it is observed that its characteristics resemble those of a pristine SQ2 DSC. All parameters at a light intensity of 22 mW cm -2 are comparable to the single-dye SQ2 DSC. The co-sensitized DSC has the highest C µ of all the DSCs in this study. At the counterelectrode of the co-sensitized DSC, a low R Pt is observed which enhances the charge transition at the cathode/electrolyte interface. R tr for the co-sensitized DSC is as low as in the singledye SQ2 DSC. We note that SQ2 can also partly bind to the scattering layer of the working electrode of the DSC in the single-and co-sensitized DSC; the evidence for this is that the scattering layer only becomes coloured when the electrode is exposed to SQ2. Because of the cell architecture, SQ2 adsorbed on the scattering layer can come in contact with the electrolyte and this may be a reason why R rec is lower for the DSC containing the SQ2. In conclusion, an optimal electron transport in the DSC is promoted by an interplay of the parameters discussed above and as a consequence, the highest J SC is observed for the co-sensitized DSC. Additionally, L d (Table 8) is almost twice the magnitude of L which is an appropriate value for a well performing DSC.
Filter tests with a single-dye SQ2 DSC and a co-sensitized DSC
Light filter tests were performed in order to investigate whether the two dyes in the co-sensitized DSC work independently or via an electron or energy transfer mechanism. 69 The J-V curves and EQE spectra were recorded with filters in place to block light in particular wavelength ranges. Two filters with specific light transmittance were chosen: a 500 nm short-pass filter and a 550 nm long-pass filter (Fig. 11) . The 500 nm short-pass filter blocks light with a wavelength longer than 500 nm. The 550 nm long-pass filter blocks light with a wavelength shorter than 550 nm. Additional measurements with a 41% transmittance filter were performed to investigate the performance at reduced light intensities; a 41% transmittance filter was the available filter closest to 50%. For the filter tests, the best-performing SQ2 cell (dipping time of 4 hours, Table 3 ) and a co-sensitized DSC assembled by the procedure in Experiment 4 (Table 4 ) with 0.0001 mM SQ2 (DSC number 2 in Table S1 †) were used. The measurements were performed as described in the Experimental section. The different irradiances in Table 9 were obtained by placing the respective filters on top of a fullymasked Si reference photodiode. Fig. 11 Transmittance range of the 500 nm short-pass (orange rectangle) and 550 nm long-pass (blue rectangle) filters with respect to the EQE spectrum of the measured cosensitized DSC. Fig. 12 displays the J-V curves of the DSCs without or with the filters. Both DSCs have a value of η > 3% without a filter (3.75% for the co-sensitized DSC and 3.36% for the single-dye SQ2 DSC, Table 9 ). Inspection of Fig. 12 and Table 9 demonstrates the fact that both DSCs have comparable J SC values with a 550 nm long-pass filter (4.97 mA cm -2 for the cosensitized DSC and 5.07 mA cm -2 for the single-dye SQ2 DSC, Table 9 ). At reduced light intensity achieved by placing a 41% transmittance filter on top of the 550 nm long-pass filter (Table 9) , the same J SC values were observed for the cosensitized DSC (2.12 mA cm -2 ) and the single-dye SQ2 DSC (2.11 mA cm -2 ). This demonstrates that a dipping time of 20 minutes with respect to 4 hours for the single-dye DSC are adequate to obtain optimal performance of the SQ2 dye in the co-sensitized DSC. The performance of the co-sensitized DSC with a 500 nm short-pass filter shows that the copper(I)-dye performs well under reduced light intensity ( Table 9 ). The impact of the light intensity on the overall efficiency η is presented in eqn. 2. The key parameters leading to improved efficiency at lower light intensities are J SC , V OC and FF.
The impact of the light intensity on V OC is observed in the filter measurements. The lower the light intensity, the lower the V OC , consistent with previous investigations. 70, 71, 72, 73, 74, 75 The co-sensitized DSC without a filter has V OC = 552 mV (Table 9 ) which decreases at lower light intensity: at a light intensity of 69.2 mW cm -2 , V OC = 536 mV, while at 30.8 mW cm -2 , V OC = 516 mV and at 8.3 mW cm -2 it is 486 mV. This is consistent with the linear relationship between V OC and the logarithm of the light intensity (Fig. S11) . 70, 71, 72 As a control experiment, the EQE spectra of a single-dye SQ2 cell with and without a 550 nm long-pass filter were measured and are shown in Fig. 13 . Within the transmittance range of the filter, identical EQE responses are obtained in both experiments. The same filter tests were performed with the co-sensitized DSC (Fig. 14) . Firstly, the EQE measurement with a 500 nm short-pass filter resulted in a slightly lower EQE response than without the filter. This is mainly due to the lower number of incident photons. Because of the properties of the filters, an EQE measurement with a reference to the 500 nm short-pass filter was not possible. A measurement with a 550 nm long-pass filter gave a comparable EQE spectrum with respect to that without the filter (Fig. 14) . Differences between values of EQE max with and without the filter were ≤1%. The validation of the measurements was obtained using both the 500 nm shortpass and the 550 nm long-pass filters which gave a negligible EQE response (purple trace in Fig. 14) , confirming that there was no background response due to the bias light. Fig. 14 EQE curve of a co-sensitized DSC without a filter, with a 550 nm long-pass filter at the transmittance range of the filter, with a 500 nm short-pass filter and with both filters. The results of EQE measurements carried out with the filters are consistent with the two dyes operating independently. For efficient electron injection, the lowest unoccupied orbitals (LUMOs) should be localized on the anchoring domain of the dye. DFT calculations previously reported for SQ2 41 show that this dye has a LUMO localized on the anchoring unit. Ground state DFT calculations were carried out on [Cu(3)(1)] + with the geometry optimized at the PM3 level. We chose a 6-31G* basis set on all atoms, since we have previously demonstrated that the orbital characteristics are basically unaltered by using larger basis sets, even though calculated absorption spectra are significantly influenced. 76 The highest occupied and lowest unoccupied orbitals of [Cu(3)(1)] + are shown in Fig. 15, and show that the LUMO manifold contains orbitals with significant anchor character. Thus, the orbital characteristics are compatible with both dyes being able to inject electrons in contrast to other investigated co-sensitized DSCs where an electron transfer mechanism may be operative.
69 Fig. 15 The frontier molecular orbitals of [Cu(3)(1)] + at B3LYP/6-31G* level (gas phase, ground state).
Conclusions
We have described the first example of co-sensitization in DSCs using a copper(I)-based sensitizer and a commercially available organic dye. By judicious matching of the EQE maxima arising from the heteroleptic copper(I) dye [Cu(3)(1)] + and from organic dye SQ2 in complementary parts of the visible spectrum, we have achieved the highest photoconversion efficiency reported for a copper-based DSC (65.6% relative to N719 set at 100%). This result confirms the potential for the use of Earth-sustainable copper as the basis of sensitizers in DSCs. The investigation has shown that the sequences in which the photoanodes of the n-type DSCs are exposed to [Cu(3)(1)] + and SQ2, and the times that the electrodes are immersed in the respective dye baths, critically influence the overall performance of the DSCs. Aggregation of the SQ2 molecules on the electrode surface is important in terms of achieving panchromatic light-harvesting of the co-sensitized DSCs, but excessive aggregation is detrimental. The results of EQE measurements carried out with different wavelength-range filters are consistent with the two dyes operating independently.
